Monodispersive silica nanoparticles have been synthesized via the Stöber process and further functionalized by adding fluorinated groups using fluoroalkylsilane in an ethanolic solution. In this process, six different sizes of fluorinated silica nanoparticles of varying diameter from 40 to 300 nm are prepared and used to deposit thin films on aluminum alloy surfaces using spin coating processes. The functionalization of silica nanoparticles by fluorinated group has been confirmed by the presence C-F bonds along with Si-O-Si bonds in the thin films as analyzed by Fourier transform infrared spectroscopy (FTIR).
Introduction
After a rainy day, shining water drops keeping a nearly perfect spherical shape on certain leaves is one of the most beautiful wonders of nature. This natural phenomenon is observed not only on plants, it is also observed on the surfaces of several living creatures on the earth. This nonwetting phenomenon is well-understood on lotus leaves and it is considered as the basis of the studies of superhydrophobicity. (1) (2) (3) (4) The microscopic observation of the surface of the lotus leaves using scanning electron microscope (SEM) show the coexistence of combined micro and nano structures in addition with a hydrophobic wax component. The existence of this binary structure on the surface of the lotus leaves allows a large amount of air entrapment and thus consequently reduces the contact area of water on it. The presence of low surface energy waxy components with reduced affinity to water together leads to the superhydrophobic properties. Cassie and Baxter(5) as well as Wenzel (6) proposed two mathematical models to explain the wetting phenomena on rough surfaces that leads to superhydrophobic properties. By definition, superhydrophobic surfaces are characterized by a water contact angle value ≥150° with the resultant rolling off of water drops from the surfaces. ( are currently being used to create superhydrophobic surfaces. (7, 8, (11) (12) (13) The most significant barrier caused by these techniques is the difficulty of fabrication of large scale depositions in a cost-effective way. Sol-gel techniques together with spray coatings or commercial paintbrush coatings might be one approach to overcome such draw back. (13) In this study, silica nanoparticles with varying sizes were prepared in the laboratory using standard Stöber process and further functionalized with fluoroalkylsilane (FAS17) in an ethanolic solution to obtain fluorinated silica nanoparticles. These fluorinated silica nanoparticles dispersed solutions were spin-coated on aluminum alloy substrates to obtain superhydrophobic thin films.
Experimental Section
The solutions containing fluorinated silica nanoparticles of varying sizes are prepared in the laboratory using standard Stöber process. (14) Initially, at a hot plate temperature of 50 °C, ethanol and ammonium hydroxide (NH4OH) were mixed in a beaker using a Table 1 . The AA-6061 aluminum alloy and silicon substrates were coated with the fluorinated silica nanoparticles by spin-coating processes. The nanoparticles coated films were dried at a 70 °C on a hot plate to allow the ethanol and excess water to evaporate from the films.
Fourier Transform Infrared spectroscope (FTIR) (Perkins Elmer Spectrum one) were used to evaluate the atomic bonding in the films. The films were also analyzed using a high-resolution field emission gun scanning electron microscope (FEGSEM: Hitachi SU-70) for morphological analysis. The wetting properties of the prepared and functionalized nanoparticle coated aluminum alloy surfaces were performed using the contact angle measurements (VCA optima). The surface roughnesses of the films were measured using an optical profilometer (MicroXAM-100 HR 3D surface profilometer).
Results and Discussion
FTIR analyses were carried out on the thin films deposited on silicon substrates to develop an understanding of the interatomic bonding in the fluorinated silica nanoparticles. Spectra A and B in Figure 1 show the FTIR spectra of the thin films prepared with silica nanoparticles and fluorinated silica nanoparticles, respectively. The spectrum in Figure 1A shows only three significant peaks of silica. The strongest peak is at 1100 cm-1 with an accompanying asymmetric broad shoulder extended until 1250 cm-1. This is due to the asymmetric stretching vibration of Si-O-Si bonds in the silica nanoparticles in the thin films. Table 1 provides the different NH4OH/TEOS ratios used in the preparation of the thin films of fluorinated silica nanoparticles with a constant FAS17/TEOS molar ratio of 0.07 using a standard Stöber process(27) to prepare silica nanoparticles followed by modification using FAS17 molecules. Table 1 also summarizes the information on the size of the prepared nanoparticles that variy from 40 to 300 nm with the increase in the molar ratio of from 2 to 15. The size of the silica nanoparticles are found to increase with the increase in the molar ratio of NH4OH/TEOS. Also, it is clear from the Table 1 Figure 2A shows that the size of the nanoparticles prepared with the molar ratio of NH4OH/TEOS of 6 is 69 ± 22 nm. Figure   2B shows that the particles sizes increased to 119 ± 12 nm with the increase of NH4OH
to a NH4OH/TEOS molar ratio of 10. Subsequently, Figure 2C shows that the size of the The SEM images of Figure 2 reveal the presence of the spherical silica nanoparticles distributed randomly on the surfaces of thin films achieved by spin-coating process. The images also demonstrate that nanoparticles also have a tendency to be agglomerated to form clusters, hence resulting in a rough morphology. Evidently the size of the nanoparticles and their clusters has an impact on the surface roughness. Figure 3A shows the variation in the surface roughness influenced by the size of the deposited functionalized silica nanoparticles. Figure 3B shows the variations of the water contact angles on these surfaces with their surface roughnesses. It has been previously described in Figure 1 D that the contact angles greatly vary with the size of the nanoparticles. A correlation between the roughness and the particle size as well as the contact angle and roughness has been found as depicted by Figure 3A With a further increase of the fluorinated silica nanoparticles size to 300 ± 7 nm on the films, the surface roughness slightly increased to ∼0.733 µm and provided a water contact angle of 165 ± 5°. From these observations, it can be seen that a critical nanoparticle size of 119 ± 12 nm was necessary to obtain a roughness of ∼0.697 µm, which is critical to obtain superhydrophobic surfaces. Cho et al. (32) show that the surface roughness of the films prepared with spherical nanoparticles increases linearly, as initially encountered in Figure 3A . Rawal et al.(33) also show that the water contact angle increases with the increase of the roughness. All these values and observations indicate that with increasing sizes of the functionalized silica nanoparticles in the thin films deposited on the aluminum alloy surfaces, the surface roughnesses increases with an increase in the water contact angle. Higher surface roughness allows large amount of air entrapment to reduce the contact area of the water drops with the surface. In addition, the higher surface roughness may also expose higher surface area with the possibility of increasing the density of the fluorinated species on the particles' surface thus forming as a shell around the silica nanoparticles. Both effects of roughness and low surface energy molecules on the deposited thin films results in higher water contact angles and hence superhdyrophobicity.
A model has been presented in Figure 4 to explain the increase of roughness with the increase of the size of the particles. Figure 4A shows a schematic of a one-dimensional growth of spherical particles on a surface. In this model we consider these particles as perfect circles. The shaded areas between the circles are responsible for providing roughness to the films due to the spherical form of particles on the surface. The Figure   4A 
. Figure 4C shows a more realistic model surface that composed of particles, clusters and cracks on the films prepared with spin-coating process using the spherical nanoparticles. This model surface is comparable with the SEM images of Figure 2A -C those composed of agglomerated spherical nanoparticles as well as several cracks.
Therefore, the measured roughness of the prepared thin film surfaces is much higher than on our one-dimensional model of spherical particles dispersed thin films surfaces. The profilometry data has been used to determine the faction of solid to explain the experimentally observed contact angle. Figure 4D shows a three-dimensional image of the thin films obtained by the optical profilometry technique; the thin films were prepared using 119 ± 12 nm fluorinated silica nanoparticles (SEM image of the film is shown in Figure 2B ). Obviously, the resolution of this image, due to light source, is much lower than the SEM image. Figure 4E shows one-dimensional cross-section image of Figure   4D . A line parallel to x-axis has been drawn in Figure 4D We have demonstrated that the sol-gel technique is an appropriate method to prepare fluorinated silica nanoparticles and fabricate superhydrophobic surfaces by spin-coating process. The same fluorinated silica nanoparticles can be used in large scale to prepare superhydrophobic surfaces by spray coating method with the proper control to achieve similar roughness for industrial applications. 
